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ABSTRACT Multidrug resistance
(MDR) is a generic term for the variety of
strategies tumor cells use to evade the
cytotoxic effects ofanticancer drugs..MDR
is characterized by a decreased sensitivity
of tumor cells not only to the drug em-
ployed for chemotherapy but also to a
broad spectrum of drugs with neither ob-
vious structural homology nor common
targets. This pleotropic resistance is one of
the majior obstacles to the successful treat-
ment of tumors. MDR may result from
structural or functional changes at the
plasma membrane or within the cyto-
plasm, cellular compartments, or nucleus.
Molecular mechanisms of MDR are dis-
cussed in terms of modifications in detox-
ification and DNA repair pathways,
changes in cellular sites ofdrug sequestra-
tion, decreases in drug-target affinity, syn-
thesis of specific drug inhibitors within
cells, altered or inappropriate targeting of
proteins, and accelerated removal or se-
cretion of drugs.

A central goal in the study of chemother-
apy is to understand how tumor cells can
become drug resistant by lowering the
intracellular concentration of antitumor
agents and/or altering the ability ofthese
drugs to affect their targets. During the
past 10 years, scores of different tumor
and transformed cell lines have been
studied, using equally as many different
types of antitumor drugs. A general
theme that has emerged from these in-
vestigations is that the mechanisms of
multidrug resistance (MDR) are opportu-
nistic in their manipulation and modifi-
cation of normal pathways of cellular
homeostasis. This article reviews both
what we know-that a variety of changes
in cellular mechanisms can produce
MDR-and what we do not-that is,
which, if any, cellular changes actually
lead to MDR. In this article emphasis is
given to experimental evidence that sup-
ports a variety of mechanisms for MDR,
specifically: (i) altered composition and
physical interactions of plasma mem-
brane phospholipids; (ii) enhanced drug
binding and cellular accumulation; (iii)
changed levels of expression and activity
of plasma membrane or endomembrane
channels, transporters, and transloca-
tors; (iv) altered rates of endocytosis and
subsequent subcellular targeting of endo-

somes; (v) altered rates and extent of
exocytosis; (vi) modified ionic environ-
ments, such as pH, Ca2+ concentration of
the extra-, intra-, or subcellular compart-
ments; and (vii) alterations in the activity
and expression of proteins necessary for
drug detoxification and DNA replication
and repair systems.
Our understanding of MDR in tumor

cells has been limited by our lack of
knowledge of the particular properties
that make these cells more sensitive than
surrounding normal tissue to cytotoxic
drugs. More fundamentally, it is also
unclear whether MDR is the conse-
quence oftumors' losing a hypersensitiv-
ity to drugs or of alternative mechanisms
that make the cells more resistant to the
drugs. It has been suggested that tumors
are extra sensitive to drugs because their
replication rates are higher than normal
cells. This may be the basis of their
increased sensitivity to drugs that affect
DNA replication and the cytoskeleton of
the cell, which are the primary targets of
chemotherapy. An alternative but not
mutually exclusive explanation is based
on the observation that chemotherapeu-
tic drugs accumulate in tumor cells to
higher concentrations than in normal
cells. The higher sensitivity may reflect
solely the higher intracellular drug con-
centration.
Drug resistance may subvert the same

mechanisms that make tumor cells hy-
persensitive. If tumor cells are more sen-
sitive because of changes in their cell
cycle program, then MDR may result
from cells remaining longer in a particular
stage of the cell cycle. If tumor cells are
hypersensitive because of their higher
cytoplasmic/nucleoplasmic drug con-
centrations, then MDR may result from
lowering intracellular drug levels. This
could be accomplished by a number of
strategies: preventing drug influx, limit-
ing cytoplasmic accumulation, increasing
efflux, or shifting the subcellular distri-
bution of drugs away from their targets.
Any or all cellular responses may sepa-
rately or synergistically result in the
MDR phenotype. Alternatively, MDR
cells may use molecular modifications
unrelated to the mechanisms that lead to
hypersensitivity in tumor cells.

This article reviews theMDR literature
to explore the changes in the cell biology
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of tumors that could result in MDR to
chemotherapy. However, in any evalua-
tion ofthis field, there are two issues that,
although beyond the scope ofthis review,
should be kept in mind. One concerns the
potential differences between the MDR
described for cells in tissue culture and
the clinical MDR observed in tumors. A
second concerns the functional interrela-
tionships between effective drug struc-
ture or presentation (monomer, dimer,
protein-associated, metal-associated),
drug accumulation (plasma membrane,
cytoplasm, Golgi, endoplasmic reticu-
lum, lysosome, endosomes, secretory
vesicles, nucleoplasm, nuclear enve-
lope), and cytotoxicity (loss of mem-
brane integrity, DNA damage, autoph-
agy, initiation of apoptosis).

What Happens to Cells That Develop
MDR?

There are three major changes in cells
that develop MDR: (i) a decreased accu-
mulation of cytotoxic drugs; (ii) changes
in activity or expression of certain cellu-
lar proteins, including the P-glycoprotein
(Pgp), MDR-associated protein (MRP),
glutathione S-transferase xr, protein ki-
nase C, and DNA topoisomerase II; and
(iii) changes in cellular physiology affect-
ing the structure of the plasma mem-
brane, the cytosolic pH, and the rates and
extent of intracellular transport of mem-
branes, as well as lysosomal structure
and function. A dominant feature of
MDR cell lines is a decreased accumula-
tion of cytotoxic drugs (reviewed in refs.
1 and 2). This is in distinction to the
considerable variability in the level of
expression of proteins related to MDR
and the diversity of physiological
changes associated with the MDR phe-
notype. The observation that a particular
protein or physiological change is not
observed in a particular MDR cell line
should be taken as evidence for the flex-
ibility of adaptive responses available to
the cell rather than proof that a particular
protein or physiological change is not
involved in some MDR mechanisms.

Abbreviations: MDR, multidrug resistance;
Pgp, P-glycoprotein; MRP, MDR-associated
protein; ABC, ATP-binding cassette.
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A number of proteins have been ob- considerable
served to be overexpressed in MDR cell ment of ME
lines. The first protein to be associated include an a
with MDR was a 170-kDa transmem- pH, an incre
brane glycoprotein called the Pgp, the through the
product of the MDR] gene (2, 3). This increased
protein is strongly homologous (4, 5) to a changes in l)
family of ATP-binding cassette (ABC) iology.
protein membrane transporters which
translocate proteins such as STE6 (which The Models
in yeast transports a small peptide a fac-
tor) (6, 7) and HlyB (which in Escherichia The most pri
coli transports a large protein, hemol- servation in
ysin) (8). Although Pgp-mediated drug accumulatio
resistance is often used synonymously eral investig
with MDR, there are non-MDRI-ex- creased infli
pressing drug-resistant cell lines. Two creased effli
other proteins overexpressed in MDR and a decree
cell lines are also members of the ABC in the cytos
family. MRP (9, 10) is 180 kDa and found compartmei
predominately on intracellular organ- been publi
elles. A 110-kDa ABC protein is found plasma men
primarily in lysosomes (11). Other pro- mic organel]
teins overexpressed in MDR include glu- containing
tathione S-transferase ir(12-16), catalase expressed cl
(16, 17), and thymidylate synthase and sult in MDI
metallothionein (16), as well as a subunit tion of som
of the vacuolar H+-ATPase (18). In con- nisms. The X
trast, topoisomerase II expression ap- MDR-relatei
pears to be down-regulated (19-21). termined an
When examining studies of MDR that any or all in

describe changes in protein expression, Several m
there are a number of issues that should account for
be considered. Typically, the relation- ATP-driven
ship between modifications in the expres- out of the cl
sion of most of these proteins and the of drugs in i
occurrence of MDR has been demon- from the cyt
strated indirectly through correlation. increased ra
Only the Pgp has been transfected into in drug effli
cells and demonstrated to affect drug ganelles; (iv
sensitivity. Second, there may be many pH that redi
more proteins, as yet to be identified, that drugs (mosi
play an active role in MDR. For many inside of ce
years, the Pgp (MDR1) was the only including m
protein recognized to be overexpressed DNA repair
in tumor cells. Although non-MDR1 cell clear envelc
lines had been examined, it is only re- mic mechaj
cently that a number of additional pro- tion pathw
teins have been found to be overex- plasma men
pressed in MDR cells. Underexpression drug permei
of proteins may also lead to an MDR (i) ATP-D
phenotype. This has been suggested for most generi
the "alternate" form of MDR that has MDR suggc
been ascribed to a decreased expression power a mz
of topoisomerase II (13, 16, 19-21). trudes chem
There may also be proteins whose level the cell (ref
of expression is unchanged but whose This model
activity is modified by co- or post- peutic agent
translational modifications. Finally, cell tion gradiei
lines often contain both over- and under- brane) and
expressed proteins related to drug resis- ports the d
tance. MDR may be a functional state serves as a '
which is the consequence of an interplay the bilayer I
between the altered activities of these (ii) Comp
proteins. for most a

Since enhanced nucleocytoplasmic within the
drug accumulation appears to be a diag- model, char
nostic parameter for sensitive cells, spe- ized drugs
cific changes in transport and intracellu- tions at inti
lar drug compartmentalization may have limit the ef

e influence on the develop-
DR. Such observed changes
alkaline shift of cytoplasmic
Dased transport of membrane
endocytic system, and an
vacuolization, including
ysosomal structure and phys-

7onounced and consistent ob-
MDR cell lines is a decreased
In of cytotoxic agents. Sev-
gations have indicated a de-
lux of drugs (22-29), an in-
Lux of drugs (27, 28, 30-33),
ased trapping of drugs either
sol (34-36) or in subcellular
nts (36, 37). Evidence has
ished consistent with the
nbrane, cytoplasm, cytoplas-
les, and the nucleoplasm all
modified or under/over-
ellular proteins that may re-

1. What follows is a descrip-
.e of these potential mecha-
relative contributions of each
,d change have not been de-
id in any particular cell line
iay be utilized.
iodels have been proposed to
multidrug resistance: (i) an

itransporter that pumps drugs
ell; (ii) an increased trapping
intracellular organelles away

tosol and nucleoplasm; (iii) an
ate of exocytosis that results
ux from the intracellular or-

o) an alkaline shift of cellular
luces the accumulation of the
,tof which are weak bases)
Ills; (v) nuclear mechanisms,
Modifications ofDNA binding,
r, and permeability of the nu-

:pe; (vi) alternative cytoplas-
nisms, including detoxifica-
tays; and (vii) changes in
nbrane structure which affect
ability.
riven Drug Efflux Model. The
ally accepted hypothesis for
;ests that Pgp uses ATP to
rolecular pump that then ex-

notherapeutic molecules from
f. 32 and reviewed in ref. 2).
Iproposes that chemothera-
lts diffuse down a concentra-
nt into the cell (or its mem-

that the pump either trans-
Irugs out of the cytosol or

"flippase" to expel them from
(38).
partmentafzation. The target
ntitumor cells is the DNA
nucleus. According to this
nges in the ability of internal-
to reach critical concentra-
ranuclear sites can seriously
ffectiveness of drug therapy

and lead to MDR. Chemotherapeutic
drugs primarily accumulate in the acidic
compartments of the cell, the trans Golgi
and lysosomal compartments (36, 37, 39,
40). Any effects on drug sequestration
will affect the cyto- and nucleoplasmic
concentration.

(iii) Exocytosis. Since anticancer drugs
accumulate in the endocytic/exocytotic
pathways, an increased rate of exocyto-
sis (37) can result in greater trapping of
drugs into sequestered transport com-
partments followed by expulsion of the
drugs from the cell. This would decrease
the drug concentration in the cytoplasm.

(iv) pH Hypothesis. Most cytotoxic
drugs are weak bases with pK values
between 7.4 and 8.2 (41-43). In their
neutral form, they are hydrophobic and
easily traverse membranes. In their pro-
tonated form, they are membrane imper-
meant. The relative distribution between
the neutral and charged forms is deter-
mined by the concentration of protons.
The pH within tumor cells is consider-
ably more acidic than that of normal cells
(44). This acidity results in the protona-
tion of these molecules in the cytosol,
thereby trapping them in their mem-
brane-impermeant but biologically active
form (45). Further, it is the protonated
form of these drugs that can bind to their
targets such as DNA (45-50), RNA (49,
51), and tubulin (52, 53). Thus, the acid
pH of tumor cells could result in drug
accumulation by ionic ligation (intracel-
lular binding) and/or ionic trapping
(more acidic cytoplasm) (36). This accu-
mulation would favor the partitioning of
drug into the nucleoplasm, leading to the
cytotoxic effect. The pH ofMDR cells is
usually more alkaline (54, 55) than that of
drug-sensitive cells, a condition that
would act to reverse cellular accumula-
tion of the drugs.

(v) Nuclear Mechanisms. Since the
principal target for most presently em-
ployed chemotherapeutic agents is the
DNA, it is reasonable to assume that
MDR is achieved in cells by preventing
drug accumulation in the nucleus and the
resultant drug proximity or binding to
DNA and associated nuclear proteins.
Studies examining the interaction of
acridines, actinomycins, and anthracy-
clines with DNA demonstrate that such
drugs can inactivate the DNA template in
transcription and replication by inducing
topoisomerase-I1-mediated single-strand
breaks in the DNA (13, 21, 56). Potential
nuclear targets of opportunity for the
induction of MDR are through modifica-
tions in (i) mechanisms of drug translo-
cation across the nuclear envelope/pore
complex; (ii) binding sites in the DNA,
RNA, nucleoli, and nuclear matrix; (iii)
DNA repair mechanisms; and (iv) effi-
ciency of mRNA export and protein im-
port into the nucleus.

Proc. Natl. Acad Sci. USA 91 (1994)
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(vi) Cytoplasmic Mechanisms. There
are a number ofcytosolic mechanisms for
eliminating toxic reagents, including the
enhanced activity of the pentose phos-
phate shunt (57) and changes in glu-
tathione metabolism (58-60). Enzymes
involved in both of these pathways are
modified in some MDR cell lines. A po-
tential mechanism for drug cytotoxicity
is related to the free-radical-forming abil-
ity of these drugs. Superoxide, hydrogen
peroxide, and hydroxyl radicals are re-
active oxygen species which can form in
the reduction of oxygen by the anthracy-
cline semiquinones. The Fe(Il)-doxoru-
bicin complex is able to catalyze the
oxidation of thiol by O2, promoting the
oxidative destruction of macromolecular
targets (13, 14, 16, 17, 58-60).

(vii) Plasma Membrane Mechanisms.
The plasma membrane in MDR cells ap-
pears different from that in drug-sensitive
parental cells (61). The alterations may
reflect changes in specific phospholipid
interactions with proteins associated
with MDR. Alternatively, these differ-
ences in membrane composition and or-
ganization may be due to ionic interac-
tions of drugs with the head groups of
phospholipids which are asymmetrically
distributed in either leaflet of the bilayer
(62-64). Such changes could have a sig-
nificant influence on the transmembrane
partitioning of the drug by a non-channel
diffusion-mediated process.

Evaluation of the Models

ATP-Driven Drug Efflux Pump.
Shortly after the identification ofthe Pgp,
it was noticed that, in the presence of
azide, anticancer drugs accumulate in
"drug-resistant" cell lines (32), suggest-
ing an ATP-driven process. This model
was significantly strengthened when the
Pgp was cloned and demonstrated to
have two ATP-binding sites and a strong
homology to a family ofmembrane trans-
porters (4, 8). Transfection of cells with
Pgp is sufficient to confer an MDR phe-
notype-a significant observation which
firmly establishes a role for Pgp in MDR
(65, 66). A number of experimental ob-
servations support a plasma-membrane
drug-transport role for this protein. The
Pgp is found in the plasma membrane (a
requirement for a pump), although it is
also observed in numerous internal or-
ganelles. Mutational analysis of this pro-
tein has demonstrated that site-specific
amino acid replacements can modify the
specificity of Pgp for drugs (67-69) and
inhibit ATP hydrolysis, a requirement for
efflux activity. Photoaffinity labeling of
Pgp can be demonstrated with deriva-
tized drugs and effiux inhibitors. Mono-
clonal antibodies to Pgp have been shown
to inhibit drug efflux (70-72) while also
interfering with drug and inhibitor bind-
ing (73). Plasma membrane vesicles from

MDR cells overexpressing Pgp showed a
higher rate of drug transport than those
vesicles from drug-sensitive cells (74).
There is considerable evidence to sup-

port the hypothesis that the Pgp functions
as an ATPase to modify the cellular con-
centration of drugs. It remains unre-
solved whether it is a transport channel
for the drugs. There are at least four
diagnostic features used to identify an
ATPase pump that remain to be demon-
strated for the Pgp: (i) specificity; (ii)
transport by the isolated protein; (iii)
binding of substrate to the transporter;
and (iv) fixed stoichiometry of ATP hy-
drolysis to transport. Specificity. It is
proposed that the Pgp transports a di-
verse assortment of unrelated molecules
(2). In contrast, all previously character-
ized pumps demonstrate quite limited
and defined specificity. Reconstitution.
Until recently it has not been possible to
demonstrate transport by the purified re-
constituted protein [although it has been
possible to demonstrate drug-stimulated
ATP hydrolysis by the Pgp (75)]. It is
often difficult to find the proper solubili-
zation and reconstitution conditions (76).
However, even with crude membranes
the maximum rates of transport are 5
pmol/mg of total membrane protein per
10 min (74), which is 1 molecule trans-
ported per Pgp molecule per 1.9 hr. [The
same authors estimated that Pgp is 1% of
their membrane protein (75).] Reconsti-
tution of Pgp and drug transport in pro-
teoliposomes was recently reported (77).
However, when the colchicine concen-
tration was 0.6 pM (a little higher than
chemotherapeutic levels) the rate of
transport was 1 molecule per Pgp mole-
cule per 10 hr. These rates of transport
are not likely to compensate for the rel-
atively rapid rates at which these drugs
accumulate in cells and are many orders
of magnitude slower than the rates of all
other transporters. Binding. It has been
difficult to demonstrate clear binding of
the substrates to the Pgp. While some
binding has been reported, it was neces-
sary to use high concentrations (30 .M
doxorubicin, 160 pM colchicine, 170 pM
puromycin, and 10 ,uM vanadate) to com-
pete for the binding of only 7.5 nM vin-
cristine (74). ATP. It has not yet been
possible to demonstrate a clear stoichi-
ometry of ATP hydrolysis to transport.
There are a number of additional prob-

lems with a drug-efflux pump. Drug in-
flux is reduced in MDR cells (based on
measurements of initial rates) (22-29). It
is difficult to explain this with a drug-
efflux model. A key piece of evidence
supporting the drug-efflux model is the
observation that verapamil reverses
some forms ofMDR and binds to the Pgp.
However, if verapamil blocks a trans-
porter, it should work at concentrations
equivalent to the concentration of trans-
porter, not the substrate to be trans-

ported. However, verapamil must be
used at concentrations :10 ,uM to block
transport of chemotherapeutic agents at
100 nM to 1 ,uM. This suggests that
verapamil may produce its effect by other
means-that is, by directly complexing
with the drugs rather than the trans-
porter. This is consistent with the obser-
vation that many of these anticancer
drugs complex with agents such as chlo-
roquine that can reverse MDR (78).
While verapamil has been reported to
bind to the Pgp, it requires a 200-fold
molar excess of antitumor agents to com-
pete for binding. There is the additional
problem that MDR cells are usually more
resistant to the drug to which they are
exposed during selection or treatment
than to other drugs (79). Even with cells
that are selected on the same drug there
are often variations in the sensitivity to
other drugs (14).

Finally, there is the issue of Pgp's ho-
mology to the ABC proteins (5). This
family includes STE6 (which in yeast
transports the a mating factor) and HlyB
(which in E. coli transports herpolysin, or
any protein with a hemolysin signal se-
quence) (80-82). Indeed, the STE6 func-
tion can be complemented in yeast by
transfection with mdr3 (83). Whether
STE6 can induce the MDR phenotype in
sensitive cells has, as yet, not been
shown. A similar role for Pgp as a peptide
translocator is inferred from experiments
demonstrating its expression inCHO cells
selected for their resistance to a cytotoxic
tripeptide (N-acetylleucylleucylnorleuci-
nol) (84). There is a growing body of
evidence supporting a model by which
peptide or protein translocation across
membranes occurs through transmem-
brane protein-conducting channels (85-
87). Similarly, overexpression of Pgp
yields a concomitant increased chloride
channel activity (88). This raises a number
ofmechanistic questions, central ofwhich
is how this protein can be both an aqueous
channel and a pump.
Compartmentalization /Exocyto-

sis/pH. The compartmentalization/
exocytosis/pH models are closely inter-
twined. Many of the anticancer drugs are
fluorescent, which has facilitated micro-
scopic studies of their subcellular distri-
bution. Their fluorescence is primarily
punctate, an observation that is indica-
tive of their localization to intracellular
organelles-primarily Golgi and lyso-
somes (36, 40, 89). Any mechanism that
increases the trapping of drugs in these
compartments facilitates cell survival by
decreasing drug concentration in the cy-
tosol and nucleoplasm. An increased
transport of membrane vesicles from the
endocytic-secretory pathway to the sur-
face exocytoses the drugs from the cell
(37). One key mechanism that affects
both trapping of these drugs in these
compartments and the transport out of

Rv-view: Simon and Schindler
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the cell is pH. Many of these drugs are
weak bases that accumulate in acidic
membrane compartments. This was first
demonstrated by showing the accumula-
tion of these drugs in either erythrocyte
ghosts (90, 91) or liposomes (92) is deter-
mined by the lumenal pH. Shifts of cel-
lular pH also affect the rates of vesicular
transport and exocytosis (93, 94).

Compartmentalization. Four different
kinds of experiments suggest a role for
subcellular compartmentalization of an-
titumor drugs in MDR. First, during
MDR there is a shift of antitumor drug
fluorescence from a nuclear to a periph-
eral staining, a shift which is reversed by
verapamil (89, 95-97). Second, a number
of the proteins overexpressed in MDR
are localized to intracellular organelles.
Third, drugs that reverse MDR, such as
verapamil and chloroquine, accumulate
in the lysosomes and affect the lysosomal
structure and function. -Fourth, there is
an increase in the number of intracellular
vacuolar membranes in some MDR cells.

(i) Shifts of subcellular fluorescence.
An adriamycin-resistant human large cell
lung cancer cell line that overexpresses
MRP (190-kDa membrane protein) shows
an altered pattern of subcellular drug
localization (98). Fluorescent daunorubi-
cin partitions into the cytoplasm and nu-
cleus of the sensitive parent line, but it is
confined to cytoplasmic perinuclear ves-
icles in resistant cells (98). The addition
of verapamil increases nuclear fluores-
cence. Another study attempted a direct
comparison of the subcellular localiza-
tion of adriamycin between cell lines
overexpressing Pgp (EMT6/AR1.0
mouse mammary tumor cell line) and cell
lines overexpressing MRP (COR-L23/R
human large cell lung cancer line previ-
ously mentioned). The sensitive parent
EMT6 cell line demonstrates predomi-
nantly nuclear fluorescence, with some
particulate cytoplasmic fluorescence and
very low levels of plasma membrane flu-
orescence. The MDR line shows much
fainter fluorescence, with the loss of nu-
clear fluorescence comparatively greater
than the loss of cytoplasmic fluores-
cence. The MRP cell line shows reduced
nuclear fluorescence when compared
with the parental cell line. In agreement
with the previously described results, an
intense area of perinuclear staining is
observed in the MRP line that is localized
to the Golgi. Adding verapamil increases
the intensity of fluorescence in both
MDR lines, particularly in the nucleus.

(ii) Subcellular localization of MDR
proteins. MRP has been localized to the
endoplasmic reticulum and, to a lesser
extent, the plasma membrane. A 110-kDa
protein with homology to Pgp and MRP is
overexpressed in lysosomal and vesicu-

lar membranes (11). The vacuolar HI-
ATPase subunit C is overexpressed in
MDR HL60 cells (18). Even the Pgp is

observed on intracellular membranes
(S.M.S., unpublished observations). The
number of intracellular organelles in-
creases substantially in some MDR cell
lines. Certain drugs that reverse MDR,
such as verapamil, chloroquine, and acri-
dine orange, accumulate in these com-
partments (99, 100). Verapamil accumu-
lates in the lysosome and disrupts the
functioning of a number of lysosomal
enzymes (37, 101), some ofwhich may be
important for accumulation of the antitu-
mor agents. Chloroquine and acridine
orange are often used as indicators for the
lysosomes and can cause an alkaline shift
of organelle pH. This would block drug
trapping and expose the nucleoplasm and
cytoplasm to higher concentrations of
antitumor drugs.

(iii) Lysosomal contributions. There
have been a number of reports demon-
strating the existence of more vacuolar
compartments in MDR cells. The
chemosensitizer SR33557 (a potent inhib-
itor of acid lysosomal sphingomyelinase)
has been shown to modulate the subcel-
lular distribution of adriamycin in MDR
mouse leukemia cells (P388/ADR) (102).
Incubation of these cells with SR33557
demonstrates that the adriamycin and the
SR33557 are colocalized within large in-
tracellular vesicles. Analysis with probes
specific for the lysosomal and mitochon-
drial compartments suggests that these
vesicles are neither mitochondria nor
functional lysosomes. Pretreatment of
cells with SR33557 completely inhibits
sphingomyelin metabolism, which pre-
sumably results in the formation of lam-
inated inclusions. It was suggested that
the redistribution of adriamycin to these
myeloid bodies prevented its expulsion
by Pgp and is the key mechanism behind
the action of SR33557 (102). A somewhat
similar phenomenon is observed in MDR
cells treated with chloroquine. This ly-
sosomotropic agent can enhance the cy-
totoxicity of vinblastine in the vinblas-
tine-resistant CEM/VLB100 human
T-cell lymphobast leukemic cell line. The
cytotoxic activities of vincristine, dauno-
rubicin, and adriamycin are also ele-
vated. A histological analysis demon-
strated that the vinblastine-resistant cells
contained more cytoplasmic vacuoles
than the drug-sensitive parental line.
Treatment with chloroquine, vinblastine,
vincristine, adriamycin, and daunorubi-
cin resulted in the appearance of many
more cytoplasmic vacuoles in treated
cells than in controls (100). These cells
also stained more intensely for the lyso-
somal enzyme acid phosphatase. In light
of these studies, it is possible to suggest
that both SR33557 and chloroquine re-
verse MDR by a direct or indirect influ-
ence on lysosomal integrity, structure,
physiology, and/or maturation/aging.
Like SR33557, chloroquine inhibits the
activity of lipid-degrading lysosomal en-

zymes. Such inhibition could directly
lead to the intracellular accumulation of
the type of lipophilic structures observed
in Niemann-Pick disease. It may also
lead to alterations in lysosome function/
morphology that can enhance the accu-
mulation of drug to higher levels, over-
loading the enhanced efflux activity of
resistant cells. In this manner, chemo-
sensitizers induce the creation of more
drug "sink compartments" within cells
that are capable of concentrating drugs
against a gradient, resulting in consider-
ably enhanced cellular accumulation
within the cytoplasm. An interesting con-
nection has been proposed between the
modulation of MDR and ligand-toxin
conjugate cytotoxicity. Pharmacological
agents that reverse MDR and enhance
cytotoxicity can equally enhance ligand-
toxin conjugate cytotoxicity. Since li-
gand-toxin conjugates are generally acti-
vated within lysosomal or prelysosomal
compartments, it appears that modifica-
tions in lysosomal activity/structure may
influence a variety of drug uptake path-
ways that contain a concentration-
dependent component that is presumably
pH sensitive. The enhanced secretion of
lysosomal enzymes observed to correlate
with Pgp expression may be significant in
this context (103). It is also important to
note that sphingomyelin has been impli-
cated as a cofactor in the transport of
cholesterol from the Golgi to the plasma
membrane (104). Changes in the metab-
olism of sphingomyelin may also influ-
ence the composition of the Golgi (en-
hanced cholesterol concentration) and
plasma membrane (cholesterol deple-
tion).

Exocytosis. Membrane recycling is in-
creased in MDR cells (105, 106). Exper-
iments with pleiotropically resistant Ehr-
lich ascites tumor cells show a signifi-
cantly increased plasma membrane
traffic to the endosomal compartment in
comparison with drug-sensitive cells
(105). Investigations with P388 cells
show an approximately 4-fold increase in
the plasma membrane area participating
in recycling together with an increased
endosomal volume, number, and mem-
brane area in resistant cells (106). This
plasma membrane traffic is significantly
inhibited by the calcium channel blocker
and inhibitor of MDR, verapamil, but is
not affected by the antitumor drugs. The
MDR human lymphoblastic leukemic cell
line overexpresses Pgp and demonstrates
a significantly enhanced secretion of ly-
sosomal enzymes (103). The ability of
this cell line to accumulate the drug vin-
blastine is significantly reduced. Addi-
tion of verapamil to these cells results in
a decrease in both drug efflux and lyso-
somal enzyme secretion. These results
suggest that in this cell line the presence
of Pgp may, in some indirect manner,
lead to increased exocytosis oflysosomal
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enzyme, ultimately resulting in cellular
depletion. The cationic drug vinblastine,
which accumulates in the lysosomes and
acidic vesicles, is then also eliminated
from the cell by secretion mediated by
exocytosis. This may provide either the
principle or a supplementary pathway for
drug efflux.
A number of the proteins overex-

pressed in MDR are members ofthe ABC
family. They bear structural homology to
the cystic fibrosis transmembrane regu-
lator (CFTR) and, as with CFTR, over-
expression of these proteins is correlated
with an increased number ofion channels
(88, 107-110). In the intestine, a switch
occurs from CFTR to Pgp expression as
the cells migrate across the crypt-villus
boundary (111). A switch from CFTR to
Pgp expression was also observed in the
uterine epithelium with the onset ofpreg-
nancy. Considering the role of CFTR as
a regulator of secretory activity in epi-
thelia (as a cAMP-controlled Cl- trans-
port channel), it is possible to speculate
that Pgp and MRP either directly or in-
directly also influence secretory mecha-
nisms leading to alterations in drug accu-
mulation and the MDR phenotype (93).
These results lead to the prediction that
pathways for the development ofMDR in
cells may depend on the overexpression
and/or modification of a number of AT-
Pases or ATP-binding proteins that are
directly or indirectly involved in main-
taining transmembrane ionic equilibria or
controlling cellular mechanisms of up-
take and secretion. Overexpression of
membrane ATPases could lead to signif-
icant changes in both transmembrane
ionic fluxes and gradients and their reg-
ulatory machinery, resulting in signifi-
cant modifications in the functioning of
integrated pathways of coordinated
transport. Such changes would affect
symport and possibly substrate specific-
ity of membrane transport proteins.

CellularpH. This model is based on the
observation that antitumor drugs are suf-
ficiently hydrophobic to cross mem-
branes. The asymmetric distribution of
the drugs is assumed to be the conse-
quence of an asymmetry of chemical po-
tential (such as ApH, voltage, and ionic
concentrations). For example, the higher
rate of aerobic glycolysis in tumors
causes an acidic environment (44), which
should have two effects on the passive
distribution of drugs. First, most of the
chemotherapeutic agents are weak bases.
When these drugs are neutral they can
freely diffuse across membranes; when
protonated, they are charged and signif-
icantly less permeant. These drugs are,
thus, trapped in the acidic cytosol of
tumors. Second, the binding of each of
these drugs to their cytosolic targets,
such as tubulin (52, 53) or DNA (45-49),
has an acidic pH optimum. For example
the cross-linking ofDNA by mitomycin C

is increased at acidic pH (50). Thus, an
acidic environment simultaneously in-
creases the amount ofdrug that is trapped
inside the cells and the binding ofdrugs to
their targets. Conversely, an alkaline
shift ofthe pH both decreases the amount
of drug inside the cell and reduces its
potential for binding.
A role for pH in trapping drugs is

consistent with a number of observa-
tions. In erythrocyte ghosts (91) and
phospholipid vesicles (112) the trans-
membrane distributions of these drugs
are determined by the ApH. InMDR cells
the cellular pH often increases with in-
creased drug resistance (54). The cyto-
solic pH becomes alkaline in drug-
sensitive cells that are transfected with
the Pgp (55). Changing the cytosolic pH
of drug-sensitive cells to the pH of drug-
resistant cells (in the absence of any
MDR proteins) is sufficient to quantita-
tively account for the decreased drug
accumulation observed in MDR (36). The
same result is observed independent of
the means by which the pH is changed
(ammonium chloride or C02). Verap-
amil, which reverses MDR, partially re-
verses this shift of cytosolic pH (54).
Drugs which acidify the cytosol, such as
amiloride, reverse MDR (113).
Not all observations can be reconciled

with the pH hypothesis. An MDR cell
line has been identified whose cellularpH
does not differ from the parental drug-
sensitive lines (114). It is possible that
there are some subcellular changes ofpH
that are not detected by a total cellular
measurement. Alternatively, there may
be forms ofMDR that do not utilize pH.

It is also necessary to explain how
expression of Pgp could affect cellular
pH. Cells use a variety of mechanisms to
keep their pH close to neutral (115-117).
The cellular membrane potential is usu-
ally 50-80 mV (with the inside negative).
Thus, if protons are allowed to equili-
brate across the plasma membrane, the
cytosol is significantly more acidic. The
steady-state pH is a balance between
proton influx (due to the electrochemical
gradient), proton generation (from me-
tabolism), and proton efflux (due to pro-
ton pumps, Na+/H+ exchangers, Cl-/
HC03- exchangers, just to name a few).
Tumor cells may use any or all mecha-
nisms at their disposal to neutralize their
pH and evade the chemotherapeutic
agents. Depolarization of cells has been
demonstrated to lead to alkalization of a
number of different cell types (118-120).
Overexpression of the Pgp in NIH 3T3
fibroblasts reveals a chloride conduc-
tance (88). Activation of this channel
would depolarize the cell if the Nernst
potential for chloride is more positive
than the membrane potential. An imme-
diate effect would be to decrease the
driving force for proton entry into cells.
However, depolanization has also been

shown to cause an alkaline shift by mod-
ulating Na+-lactate/H+-lactate exchange
(119, 120) and Na+/HCO3 cotransport
(121). Consistent with this hypothesis,
experimental results using voltage-
sensitive dyes suggest that the membrane
potentials in drug-resistant cells are dif-
ferent from those in drug-sensitive cells
(122, 123).

Nuclear Mechanisms. Since the princi-
pal target for most presently employed
chemotherapeutic agents is the DNA
and/or associated proteins, it is reason-
able to assume that MDR can be con-
ferred on cells by the prevention of drug
accumulation in the nucleus or the de-
sensitization of nuclear components to
the drugs. An example of such altered
drug sensitivity may be represented by
the altered expression and/or activity of
topoisomerase 11 (13, 16, 19, 21). Cells
expressing the topoisomerase II-related
form ofMDR do not, apparently, express
Pgp, are unaltered in drug accumulation
and retention, and are unaffected by the
chemosensitizer verapamil. MDR Ehr-
lich ascites tumor cells that overexpress
Pgp accumulate only 20-30%6 of the
daunorubicin taken up by sensitive cells.
These MDR cells also exhibit decreased
topoisomerase II activity. In addition,
the amount ofimmunoreactive topoisom-
erase II from these cells is approximately
one-third that which is observed in the
drug-sensitive cell line. Although addi-
tion of verapamil enhances drug accumu-
lation, it does not increase the number of
topoisomerase II-DNA complexes in the
drug-resistant cells to levels observed in
the sensitive cells. It is important, there-
fore, to note that a single cell line can
express multiple MDR mechanisms (19).
A direct correlation between inhibition of
topoisomerase II and resistance to topo-
isomerase II poisons is also observed in
experiments that isolate genetic sup-
presser elements that can induce resis-
tance to topoisomerase II-interactive
drugs (124). Adriamycin has been dem-
onstrated to form complexes in aqueous
solution at 370C (pH 7.3) with nucleo-
tides, amino acids, proteins, and a broad
range of biologically active compounds
such as NAD and caffeine (78). Modifi-
cations in the drug or substrate competi-
tion may have considerable influence on
the ability of pharmacologically active
drugs to partition into the nucleus and
bind to the target DNA. It has been
suggested that the drugs may act only at
the plasma membrane surface, since
DNA-binding drugs ligated to beads have
been demonstrated to kill cells at the
plasma membrane (125, 126). However,
this form of drug presentation may not be
physiologically relevant (127, 128).

Cytoplasmic Mechanisms. The results
of several studies suggest that cell detox-
ification mechanisms mediated by the
pentose phosphate shunt may contribute
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to the expression of MDR in tumors.
Accumulation of 2-deoxyglucose 6-phos-
phate has been found to be much lower in
a drug-resistant human T-lymphoblastoid
cell line than in sensitive cells, indicating
pentose phosphate shunt activation in the
MDR line (57). There was unaltered hex-
okinase activity, higher glucose-6-phos-
phate dehydrogenase activity, increased
glutathione, and marked increase of glu-
tathione peroxidase activity after cell ex-
posure to an oxidizing agent (57). Other
experiments demonstrate correlations
between enhanced Pgp expression and
that of glutathione S-transferase ir,
thymidylate synthase, and metallothio-
nein, suggesting multiple resistance
mechanisms (14). In related studies, an
MCF-7 human breast carcinoma cell line
was selected for resistance to vincristine
(59). Addition of a nontoxic concentra-
tion of verapamil significantly enhances
vincristine-induced cytotoxicity. This re-
sistance is associated with the overex-
pression of Pgp but without a concomi-
tant increase in Pgp mRNA or gene am-
plification. Increased activity of cellular
protein kinase C has been implicated in
this increased activity of Pgp (129). Ac-
tivities of total glutathione S-transferases
(GSTs) and glutathione peroxidase are
also elevated with overexpression of the
GST-ir isozyme and its associated
mRNA. The data suggest a role for mod-
ifications in glutathione metabolism in
MDR. Other more recent studies suggest
a limited correlation between Pgp-
mediated MDR and GST expression or
activity (14).
Plasma Membrane Mechanisms. A de-

crease of drug influx has been observed
in many MDR cell lines (22-32). Since
most antitumor drugs can freely cross
pure lipid bilayers, it is difficult to explain
the decreased influx without postulating
a change ofmembrane structure. Freeze-
fracture studies reveal increases in the
densities of protoplasmic face intramem-
brane particles in MDR Chinese hamster
ovary (CHO) and human leukemic cells
(61). This is not observed in revertants,
suggesting that MDR may be associated
with changes in plasma membrane archi-
tecture. Examinations of the effect of
lipids and detergents on the ATPase ac-
tivity of Pgp indicate a well-defined lipid
preference for saturated phosphatidyl-
ethanolamine and fluid lipid mixtures
(130). Treatment of cells with different
detergents has also modified the accumu-
lation and cytotoxicity of antitumor
drugs (29, 131, 132). In a direct investi-
gation of the interaction of daunomycin
with the plasma membranes from tumor
cells, it was found that drug binding is
directly related to the availability of an-
ionic phospholipid head groups (133).
Previous studies of cell cytotoxicity with
immobilized adriamycin show that the
interaction of the drug with the plasma

membrane is sufficient to kill cells (125-
128). Thus, it can be argued that changes
in the phospholipid composition or orga-
nization of the plasma membrane occur-
ring in MDR cells could minimize drug
binding. This can either prevent the
membrane lytic activity of the drug or,
alternatively, result in the inhibition of
transmembrane signals that would lead to
cell death.

Problems for the Future

Many changes in the basic cell biology of
tumor cells can affect drug accumulation.
Any or all of the above-described mech-
anisms could lead to the alterations in
drug accumulation and cell sensitivity
associated with MDR. Further, many of
these mechanisms may be interdepen-
dent. Cellular pH may affect a drug-
efflux pump, subcellular compartmental-
ization, and/or exocytosis of drug. Rates
of membrane transport are affected by
both the organellar and cytosolic pH (93).
Trapping of the drugs in both the cytosol
and organelles will largely be determined
by the pH in each ofthese compartments.
A key challenge is to determine the rel-
ative quantitative contributions of each
of these mechanisms to the MDR pheno-
type. Such a quantification may help tar-
get efforts to reverse MDR.
A second challenge is to identify the

normal physiological ligand for each of
the proteins whose activity affects MDR.
The subunit ofthe lysosomal H+-ATPase
is likely to be involved in organelle acid-
ification. However, the functions are not
known for the three proteins (Pgp, MRP,
and the 10-kDa protein) belonging to the
family of ABC proteins. Other members
of this family are involved in translocat-
ing ligands, often proteins, across mem-
branes. The homology between members
of the family is both structural and func-
tional. The functional consequences of
deleting STE6 in yeast are reversed when
the cells are transformed with the MDR3
protein (83). This suggests that the nor-
mal physiological ligands for these MDR
proteins may be proteins or at least pep-
tides. While most proteins exit the cell
through the secretory pathway (134),
many molecules are believed to be trans-
ported directly across the plasma mem-
brane. In some cases the evidence is
indirect: the protein is secreted without
cleavage ofa signal sequence and without
glycosylation. However, this evidence
can be misleading, since numerous pro-
teins use the SRP-dependent transloca-
tion machinery of the endoplasmic retic-
ulum without a cleavable signal sequence
(135). There is strong evidence that in-
terleukin 1(136) and thioredoxin (137) are
transported directly across the plasma
membrane. They do not have a signal
sequence and are not glycosylated, and
blocking the secretory pathway with

brefeldin A does not affect their export.
Identification ofthe normal physiological
ligands may suggest new strategies for
reversingMDRand facilitate mechanistic
studies on the transport properties of
these proteins. This would then help re-
solve such issues as whether the Pgp is a
drug-efflux pump, a transmembrane
aqueous pore through which drugs dif-
fuse, or a modifier of the transmembrane
environment which only indirectly af-
fects drug transport.
A third challenge is to devise new

strategies for analyzing MDR that can
relate the phenomenology of in vitro
studies with clinically observed drug re-
sistance. There are a number ofproblems
associated with our current approaches.
First, much effort is expended on devel-
oping cell lines that show greater and
greater degrees of resistance to chemo-
therapy. This is based on the beliefthat it
will be easier to study the mechanisms by
overexpressing the responsible agents.
Cells grown in vitro are exposed to ever-
higher concentrations of antitumor
drugs. However, resistant cells in situ are
usually not more than 5- to 10-fold resis-
tant. Indeed, such cells would never be
exposed to higher concentrations be-
cause of drug cytotoxicity. The results
described in this review indicate that
many cell biological mechanisms can be
subverted to enable a cell to escape from
chemotherapy. Rather than focus on the
mechanisms that can make an in vitro
MDR line 100- or 1000-fold more resis-
tant than normal cells, it may be more
informative to delineate the mechanisms
that make tumor cells hypersensitive and
determine how that enhanced sensitivity
is lost as a result of MDR. The principal
challenge is to identify those mechanisms
that are used by tumors in situ to acquire
the characteristics of clinical MDR.

It is also important to note that many of
these tumors grow as masses-not as
isolated cells in a tissue culture dish.
These masses present a completely dif-
ferent series of problems for chemother-
apy (138, 139) and are relatively drug
resistant. This is, in part, due to poor
vascularization in the tumor, which re-
duces the influx of antitumor drugs, and
a hypoxic acidic environment, which
lowers growth rates. 02 concentrations in
tissue culture can approach 190-220 pM
(140). Most normal tissues demonstrate
an in vivo range from 25 to 50 AM. In
tumor masses, 02 can decline to 5 puM
throughout the tumor. The pH within
tumor masses can range down to 5.8-6.4
(140). The acidic environment should
protonate many antitumor drugs, thereby
blocking their entry into cells. The low-
ered levels of oxygen and nutrients have
numerous effects on cell metabolism, cell
cycle, and ultimately, drug sensitivity.
The situation is further complicated in
that tumor cells grow in a living orga-
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nism. Altered patterns of cell communi-
cation and interaction through endocrine,
paracrine, and gap junction-mediated
processes could lead to types ofMDR in
tumor masses that are distinct from that
observed in tissue culture. For example,
the responsiveness ofMCF-7 breast can-
cer cells to tamoxifen is affected by
whether the cells are grown in tissue
culture or as xenographs in mice (141).
The challenge is now to devise experi-
mental systems that more accurately re-
flect the in vivo environment of clinical
MDR.
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